We propose two approximate methods (one based on parsimony and one on pairwise sequence comparison) for estimating the pattern of nucleotide substitution and a parsimony-based method for estimating the gamma parameter for variable substitution rates among sites. The matrix of substitution rates that represents the substitution pattern can be recovered through its relationship with the observable matrix of site pattern frequences in pairwise sequence comparisons. In the parsimony approach, the ancestral sequences reconstructed by the parsimony algorithm were used, and the two sequences compared are those at the ends of a branch in the phylogenetic tree. The method for estimating the gamma parameter was based on a reinterpretation of the numbers of changes at sites inferred by parsimony. Three data sets were analyzed to examine the utility of the approximate methods compared with the more reliable likelihood methods. The new methods for estimating the substitution pattern were found to produce estimates quite similar to those obtained from the likelihood analyses. The new method for estimating the gamma parameter was effective in reducing the bias in conventional parsimony estimates, although it also overestimated the parameter. The approximate methods are computationally very fast and appear useful for analyzing large data sets, for which use of the likelihood method requires excessive computation.
Introduction
Estimation of the pattern of nucleotide substitution, i.e., the relative probabilities of substitution between different nucleotides, is useful for revealing the evolutionary dynamics of different genes or genomes. For example, transitions (T e C, A H G) are known to occur more often than transversions (T, C e A, G) in animal mitochondrial DNAs (e.g., Brown et al. 1982) , and human immunodeficiency viral genes have an unusual pattern of nucleotide substitution in that A +-+ G changes occur much more frequently than any other changes (e.g., Moriyama et al. 1991) . Information concerning the pattern of nucleotide substitution in real sequences can also be incorporated into methods for phylogenetic tree reconstruction (e.g., Yang 1994a). The variation of substitution rates across nucleotide or amino acid sites appears to be a common characteristic of sequence evolution. The major reason seems to be the different selective constraints exerted on different sites, which lead to rate variation among sites. It is well known that ignoring such rate variation causes underestimation of sequence divergences (e.g., Gillespie 1986; Takahata 1991) , and that the underestimation is more serious for large distances than for small ones (e.g., Yang et al. 1994 ). This unproportional underestimation of distances leads to biased estimations of branching dates (e.g., Adachi and Hasegawa 1995) and appears to account for the observation that reconstruction of the tree topology can also be misleading when the rate variation is ignored (Kuhner and Felsenstein 1994; Tateno et al. 1994 ).
Variable substitution rates at sites have most often been described by a gamma distribution.
The distribu-tion involves a shape parameter, which is inversely related to the extent of rate variation. Given the knowledge of this parameter, a number of formulas have been suggested for estimating sequence divergence under the gamma model of rates at sites (e.g., Golding 1983; Jin and Nei 1990; Tamura and Nei 1993; Rzhetsky and Nei 1994; Yang 1994b) . Reliable estimation of the shape parameter can not only reveal characteristics of the gene but also improves the accuracy of phylogenetic tree reconstruction (e.g., Kuhner and Felsenstein 1994; Tateno et al. 1994) .
Both parsimony and likelihood methods have been employed to estimate the pattern of nucleotide substitution and the shape parameter of the gamma distribution for rates among sites. In a likelihood analysis, a substitution model is constructed and relevant parameters are estimated by maximizing the likelihood function. For instance, a gamma distribution can be assumed for rates among sites to estimate the shape parameter of the distribution (Yang 1993 (Yang , 1994b ) and a general Markov-process model of nucleotide substitution can be assumed for estimating the substitution pattern . In a parsimony analysis, the nucleotides in ancestral sequences are inferred by minimizing the number of changes (differences) for each site along the tree (Fitch 197 1; Hartigan 1973) . Then the counted (minimum) numbers of changes at sites are used to estimate the shape parameter of the gamma distribution for rates among sites (e.g., Uzzell and Corbin 1971; Holmquist et al. 1983; Larson and Wilson 1989; Kocher and Wilson 1991; Tamura and Nei 1993; Wakeley 1993) . The inferred ancestral sequences are also used to calculate a matrix of frequencies of changes between nucleotides; this matrix is often interpreted as an estimation of the substitution pattern. This approach was previously used to construct the empirical matrix of amino acid substitution probabilities by Dayhoff et al. (1978;  see also Jones et al. 1992) and was later used to compare nucleotide sequences for estimating the pattern of nucleotide substitution (Gojobori et al. 1982; Li et al. 1984; Go-jobori and Yokoyama 1987; Moriyama et al. 1991; Imanishi and Gojobori 1992; Tamura and Nei 1993) . However, the parsimony analysis generally fails to account for nucleotide-frequency bias, transition/transversion rate bias, rate variation across sites, and unequal branch lengths in the tree, so that the reliability of estimates obtained from such analyses may be questionable. For instance, Wakeley (1994) pointed out that if variation of substitution rates among sites is ignored, the transition/transversion rate bias will be underestimated (see also Yang et al. 1994) . Nucleotide-frequency biases were also found to mislead parsimony reconstructions of ancestral sequences and lead to biased estimation of the substitution pattern by parsimony (Collins et al. 1994; Perna and Kocher 1995) . However, not much is known about the reliability of the parsimony analysis or about the differences between the likelihood and parsimony analyses of the two problems.
The original purpose of this paper was to analyze several real data sets by the likelihood and parsimony methods in order to characterize their differences and to examine the direction and magnitude of systematic errors involved in the parsimony analysis. In our attempts to obtain comparable results, we derived approximate methods for estimating the substitution pattern and the gamma parameter for variable rates across sites. The new methods are described below and are compared with the likelihood methods developed previously.
Data and Methods

Data
We analyzed two data sets of nucleotide sequences and one data set of protein sequences. All three data sets were used for estimating the gamma parameter for rates at sites, while the two data sets of nucleotide sequences were used for estimating the pattern of nucleotide substitution. Whenever the well-established phylogeny was available, it was assumed in the analysis; the effects of the tree topology on the estimations were examined.
Human DNA Sequences of the Control Region of the Mitochondrial Genome
Twenty-five sequences were extracted from the data of 136 different sequences published by Vigilant et al. (1991) for the control region of the human mitochondrial genome. Only sites l-358 and 604-937 were used (see Hedges et al. 1992) , and sites involving gaps were removed. There are 601 sites in each sequence, out of which 510 are constant sites, occupied by identical nucleotides across species. The maximum-likelihood tree for the 25 sequences, obtained by using a divisive algorithm to perform a heuristic tree-search, has many multifurcations, and the data appear to contain little information about the phylogenetic relationship among the sequences (e.g., Hedges et al. 1992 ). This maximumlikelihood tree (not shown) will be assumed in later analyses. and fossil evidences, and the "correct" tree topology (not shown) was assumed.
Small-subunit rRNAs
Methods
Estimation of the Pattern of Nucleotide Substitution
Nucleotide substitution is described by a continuous-time stationary Markov process. The pattern of nucleotide substitution is represented by the "rate matrix" of the process, Q = {Q,}, where Q, (j # i) is the rate of substitution from nucleotide i to j. The row sums of this matrix is zero, and -Qii = Xj+i Q, is the substitution rate of nucleotide i. The matrix of transition probabilities over time t, which is needed in the likelihood calculation (e.g., Felsenstein 1981) , can be generated for any t by
where Pi,(t) is the probability that a given nucleotide i will become j after time t. Because t and Q appear in the form tQ only, Q is multiplied by a constant so that the average rate of substitution is 1:
while time t is measured by the average number of substitutions per site. Depending on the context, we use t to mean time, the distance between two extant sequences, or the branch length in a phylogenetic tree. Maximum-likelihood estimation of the substitution pattern was performed using the method of Yang (1994a), with the general reversible Markov-process model of nucleotide substitution assumed. This model makes a mild restriction about the structure of Q, that is, n,Q, = TjQji, for any i, j.
This reversibility restriction, together with equation (2), reduces the number of free parameters in the rate matrix from 11 to 8. The rate matrix Q, as well as branch lengths in the tree, was estimated by maximum likelihood. Estimation of the substitution pattern under the gamma model of variable rates among sites was performed using the discrete-gamma model of Yang (1994b) , with eight rate categories used.
Consider two sequences separated by time (distance) t. Let F,(t) be the probability of observing a site with nucleotides i and j in the two sequences. F&t) is equal to the probability of observing nucleotide i in sequence 1, which is the equilibrium frequency (nJ of nucleotide i, times the transition probability from nucleotide i to j in the time interval t. In other words,
where F(t) = {F,(t)} and II = diag{ ITS, TV, TA, nG}. Equations (1) and (4) can then be used to obtain estimates of t and Q:
Because of the requirement of equation (2), both t and Q can be uniquely estimated. The reversibility of the process, which we assume here, implies that F,(t) = F,;(t), and so the observed F(t) matrix is made symmetrical before equation (5) is applied. The calculation can be carried out by the spectral decomposition (diagonalization) of P(t). Let P(t) = I--lF(t) = Udiag{S,, S2, S3, S,}U-I,
where the 6s are the eigenvalues of P(t) and the columns of U are the corresponding (right) eigenvectors. Then, substituting (6) in (5), we get tQ = Udiag 1 log(~,),log(~,),log(6,),log(~~) 1 u-l.
When substitution rates among sites are assumed to follow a gamma distribution with shape parameter (x, equations 5 and 7 do not hold anymore. The eigenvalues (6s) of n-IF(t) (or P(t)) and those (As) of Q are then related by Sk = (~/(cx-X,))a. Thus the transformation to be used will be
with columns of U the (right) eigenvectors of n-IF(t) (e.g., Yang 1994b) . Note that 01( 1 -Sk-1/al) + log(&) when OL -+ ~0.
We estimate F,(t) by (Nij + Nji)/N, where Nij is the number of sites occupied by nucleotides i and j in the two sequences respectively and N = Xi,sJii is the total number of sites in the sequence. F(t) constructed this way is symmetrical with ~j,jFi,j(t) = 1. Two possibilities were considered: one is to take the average of the F(t)s over all the pairwise comparisons, and the other is to take the average of the Qs calculated from each pairwise comparison.
In a parsimony analysis, the ancestral sequences inferred by parsimony (Hartigan 1973) were used, so one of the two sequences in comparison is ancestral and the other is descendent. All sites including the invariant sites were used in the analysis. When many equally best pathways were possible at a site, an equal weight was assigned to each of them; if there existed 100 equally best pathways, each was given a weight of l/100. The average of F(t) taken over all branches of the tree was used to estimate t and Q by equation (5). The estimate of t may be considered an average of branch lengths in the phylogenetic tree.
Estimation of the ar Parameter of the Gamma Distribution
The gamma distribution has been used to describe variable substitution rates across sites. The distribution with its mean fixed to be one (Yang 1993 ) has density
The shape parameter 01 is inversely related to the extent of rate variation at sites ( fig. 1 ). The distribution with (x > 1 is bell-shaped (n), which means that most sites have intermediate rates, while few sites have very low or very high rates. An infinitely large cx means a constant rate for all sites (Yang 1993) . The distribution with CY 5 1 is highly skewed, has an L shape, and means that most sites have very low rates or are almost "invariable," while mutational "hot spots" exist in the sequence that change at very high rates. So the cx parameter, when estimated from the sequence data, reflects characteristics of the gene.
Estimation of the (Y parameter by the likelihood method was described by Yang (1993 Yang ( , 1994b . The discrete-gamma model of Yang (1994b) was used in this paper to achieve computational efficiency, with eight simony-based method for estimating CY. Assuming a categories of rates used to approximate the continuous Poisson-process model of substitution, we obtain the gamma. Different substitution models were assumed in probability that a nucleotide (or amino acid) i will becombination with the gamma model of rates among come j after time t as sites.
In a parsimony analysis, the (minimum) numbers of changes at sites were inferred by the algorithm of ( 1, c-1 Hartigan (1973) . Such numbers (if we ignore possible
errors in the inference) will follow a Poisson distribution 1 1 c --_ if the rate is constant at sites, or a negative-binomial exp c c ( 1
distribution if the rate is gamma-distributed across sites. This observation has been employed to estimate 01 and where the number of character states c is 4 for nucleoto test for rate constancy across sites. The method is tide sequences or 20 for amino acid sequences. The condescribed below. By the negative-binomial distribution, ditional probability of observing a site with a specific the probability that k changes occur at a site is character pattern with k differences along all the b
branches of the tree, given that the substitution rate for prob(k) = the site is Y (which is a gamma variable), is
where cx is the shape parameter of the gamma distribution, and p is the average number of substitutions per
The unconditional probability is then site. Let Nk be the number of sites at which k changes cc are inferred to have occurred along the tree. The sample
mean and variance of the number of changes at sites can 0 be equated to the mean and variance of the negativewhere f(r) is given in equation (9). When we use the binomial distribution to give discrete-gamma model (Yang 1994b) , with several cat-&&N, egories used to approximate the continuous gamma, we
where s2 is the sample variance. Parameter cx cannot be estimated if s2 < X. This method, commonly used, is known as "the method of moments," and tends to overestimate CY when 01 is small even if the numbers of changes at sites inferred by parsimony were accurate (Sullivan et al. 1995 ; see also Johnson et al. 1992:214-220) . A maximum-likelihood method for fitting the negative-binomial distribution was suggested by Sullivan et al. (1995) , in which cx and F were estimated by numerical maximization of the log-likelihood function:
The estimate of k from equation (12) is identical to X (equation 11). Nevertheless, we suggest that, given the ancestral sequences inferred by parsimony, the number of "changes" at a site should better be interpreted as the number of "differences" between the compared sequences at the ends of branches along the tree. Unlike the number of substitutions, the number of differences does not follow a negative-binomial distribution when wheref(ri) = l/8 is the frequency of the category with rate ri. The rate ri for category i is a function of (x and can be calculated by the method of Yang (1994b) . The log-likelihood function is then
Note that the summation over k is equivalent to summing over sites in the sequence or over all the possible site patterns. Parameter cx can be estimated by numerical maximization of (17). Time t needed in equation (17) can be calculated as k/b (equation 1 l), where b is the number of branches in the tree. Although this is clearly an underestimate of the average branch length in the tree, using a larger value does not seem to improve the estimation of (Y. In this paper, this estimate oft was used.
Results
Estimation of the Pattern of Nucleotide Substitution Human Mitochondrial DNAs
rates at sites are gamma-distributed. In the following, The estimated rate matrices by the likelihood methwe derive its correct distribution, and thus a new parods are given in table 1. The sequences are very similar, and most changes are transitions; the transition/transversion rate ratio, averaged over nucleotide frequencies, is 15.08. Without any substitution-rate bias, the diagonal elements of & would be close to -1, the off-diagonal elements close to l/3, and the transition/transversion rate ratio would be close to 0.5. Substitution rates in the mitochondrial control region are thus highly biased. As noted by Yang (1994a) , estimation of the substitution pattern does not seem to be sensitive to the assumed tree topology; use of the star phylogeny (table lb) The latter approach was not used in the parsimony analysis because the estimated Qs for short The human DNA control-region sequences were analyzed using the likelihood and parsimony methods to estimate the gamma parameter for variable substitution rates among sites. The results are shown in table 5a. The parsimony algorithm (Hartigan 1973) suggests no change at 510 invariant sites in the data, and one, two, three, and four changes (differences) at 62, 13, 9, and 7 sites, respectively. original sequence data (Yang 1994b ) produced estimates 0.172 and 0.269 for <Y and k, respectively, when the general reversible-process model of nucleotide substibranches were unreliable. Table 3c was obtained from tution (Yang 1994a ) was assumed, p, being calculated the average F(t) over branches by equation (8) with (Y as the sum of branch lengths along the tree. For these fixed at 0.17. The pairwise comparison produced results data, parsimony (the method of moments) overestimates similar to the likelihood results, although for this data (x by 52% and underestimates the amount of evolution set, the parsimony results appear to be better.
(p) by 12%, while the new method proposed in this paper is very effective in reducing the bias in the parSmall-subunit rRNAs simony estimate of (31. The similarity of the sequences
Results obtained from the analysis of the 16S-like rRNAs are presented in table 4. Substitution rates between different pairs of nucleotides are much more similar to one another than those in human mtDNAs (see tables 1, 2, and 3), and the average transition/transversion rate ratio is estimated to be 1.59. Allowing for rate variation at sites by assuming the gamma model of rates at sites leads to more extreme substitution rates, with the average transition/transversion rate ratio estimated at 1.85 (table 4b) . This parallels the previous finding that ignoring the rate variation among sites leads to underestimation of the transition/transversion rate bias (Wakeley 1994; Yang et al. 1994 ). appears to be the major reason for the similarity of the 01 estimates obtained by the likelihood method when different models were assumed. In these data, the nucleotide frequencies are biased, and the transition/transversion rate ratio is very high, so that the substitution model of Jukes and Cantor (1969) is quite unrealistic (see the log-likelihood values of different models in table 5a ). Yet, this simple model produced an estimate of <y that is quite close to that obtained under more realistic models.
Small-subunit rRNAs
The rate matrices estimated by the parsimony and Much greater differences were found between likepairwise analyses are given in tables 4c, d, and e. As lihood and parsimony methods when the sequences are one expects, the parsimony results are closer to those more different. NOTE.-The parsimony analysis (MP) infers the numbers of changes (differences) at sites and uses the method of moments (equation 1 l), the likelihood method of Sullivan et al. (1995) (equation 12), or the new method of this paper (equation 17) to estimate (Y and CL. In the likelihood analysis (ML), a (discrete-) gamma model of rates across sites was assumed (Yang 19946) , in combination with a Markov-process model of nucleotide or amino acid substitution. Substitution models assumed for the two data sets of nucleotide sequences are those of Jukes and Cantor (1969) , Kimura (1980) , and the general reversible-process model (Yang 1994a) , while those for the mitochondrial cytochrome b (375 amino acids) are the Poisson-process model, the equal-input (or proportional) model, and the empirical model of Jones et al. (1992) . b is the log-likelihood value under the model, calculated from the original sequence data. The maximum-likelihood method applied to the original sequence data produces estimates @ = 1.295 and B = 0.3 12 under the general reversible-process model (table 5b) . Parsimony (method of moments) is seen to underestimate k by 24% and to overestimate (x by 83%. In these data, the transition/ transversion rate ratio is not very high, and the nucleotide-frequency bias does not seem to have a large effect on the estimation of (x, as estimates obtained from the simple models of Jukes and Cantor (1969) and Kimura (1980) are quite similar to that obtained under the general reversible-process model.
Mitochondrial Cytochrome b Sequences
Results obtained from analyzing the mitochondrial cytochrome b sequences are presented in table 5c. The parsimony algorithm suggests 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 , and 10 amino acid changes at 169, 52, 39, 30, 20, 23, 19, 12, 5, 4 , and 2 sites, respectively. These numbers of changes at sites give p = 1.891, and & = 0.928 by the method of moments (equation 1 l) , G = 0.606 by the method of Sullivan et al. (1995) (equation 12) , and G = 0.553 by the new method of this paper (equation 17).
In the likelihood analysis of the original sequence data (Yang 1994b ), three models of amino acid substitution were assumed: the Poisson-process model, which assumes equal substitution rate between any amino acids; the "equal-input" model, by which the rate of substitution is proportional to the frequency of the target amino acid (i.e., Q, = 'rrj); and the empirical model of amino acid substitution derived by Jones et al. (1992) from the SwissProt data bank Release 22. The likelihood values under the three substitution models are drastically different, and the empirical model of Jones et al. (1992) fits the data much better than the other two models, while the fit of the Poisson-process model is the poorest (table 5~). As the estimates obtained under the empirical model of Jones et al. (1992) appear to be most reliable, the results suggest that for these data, parsimony (method of moments) overestimates 01 by 113% and underestimates the amount of evolution (F) by 3 1%. Substitution rates at sites "estimated" by the approach of Yang (1995~~) and Yang and Wang (1995) under the model of Jones et al. (1992) were plotted along the sequence in fig. 2 . Substitution rates at sites appear to be related to the functional domains of the protein; sites in the transmembrane regions tend to have higher rates than other sites in the protein.
In comparison with estimation of the substitution pattern, estimation of the (x parameter appears to be more sensitive to the assumed tree topology; the use of Jones et al. (1992) and a discrete-gamma model of rates across sites. Branch lengths in the known tree topology and the 01 parameter of the gamma distribution were estimated by the maximum-likelihood approach, and substitution rates at sites were then "estimated" by the method of Yang (1995) and Yang and Wang (1995) . The mean of rates across sites is 1. The correlation between the true underlying rate for a site and its estimated rate is calculated to be 0.78 (Yang and Wang 1995) . Rates for sites were then smoothed using a moving average: P,, = (rhm2 + 2r,m 1 + 4r, + 2rh+, + t-,+,)/lo, where r,, (the dotted line) is the estimated rate for site h, and ?h (the real line) is the rate for site h after the smoothing. The eight thick bars mark the transmembrane helics of cytochrome b (Esposti et al. 1993). totally wrong trees such as the star phylogeny tends to underestimate (x (Yang 1994b) . The reason seems to be that a small (Y means more mutational "hot spots" in the sequence, the existence of which would explain some of the variable site patterns by the wrong tree, which would otherwise be incompatible with the topology. Nevertheless, it appears possible to obtain reliable estimates of 01 even when the true phylogeny is unknown, as estimates obtained from using more-or-less reasonable trees have been found to be very similar (Yang 1994b, 199%; Yang et al. 1994) . For example, application of various tree-reconstruction methods implemented in the MEGA program package (Kumar et al. 1993) to the cytochrome b data produced four estimated (incorrect) tree topologies; estimates of CY obtained from those trees under the empirical model of Jones et al. (1992) are in the range 0.436-0.446, and these estimates are very similar to that (0.435) obtained by using the correct topology (table 5b).
Discussions
Generalized Sequence Distances
As indicated before, estimate of t from equation (5) can be considered a measure of pairwise distance under the general reversible-process model (Yang 1994a) , and equation (8) is an extension of the distance formula to the case of gamma rates at sites. For the small-subunit rRNA data analyzed in this paper, estimates of pairwise distances by equation (5) are identical to those obtained under the maximum-likelihood criterion at the seventh or eighth decimal points (results not shown), although in general the method is not a maximum-likelihood estimator. The distance measure will reduce to the appropriate distances when the true model is simpler than the general reversible model, such as those of Jukes and Cantor (1969) and Kimura (1980) . Estimation of sequence distance (t) by equation (5) appears to be first suggested by Rodriguez et al. (1990) (see also Tavare 1986), although the method of Lanave et al. (1984) can be expected to produce similar results (Zharkikh 1994; Yang 1995b ). Rodriguez and colleagues' version of the formula is f = trace(II log{HIF(t)}),
where the notation trace(A) means the sum of the diagonal elements of the matrix A. Those authors, however, did not make F(t) symmetrical, so their method is numerically less stable; neither does it lead to a legitimate estimate of the substitution pattern (Q).
This distance measure is also very similar to that suggested by Barry and Hartigan (1987) , known more recently as the LogDet or "paralinear" distance (Lake 1994; Steel 1994; Zharkikh 1994) :
where the notation Det(A) means the determinant of A, which is equal to the product of the eigenvalues of A. Consider the limiting case of infinitely long sequences, where the data matrix F(t) will be the expected frequencies under the model. Since Det(AB) = Det(A)Det(B), we have, in expectation,
where the X,s are the eigenvalues of Q. Equation (20) suggests that &log{ TTTk}/4 should be subtracted from Cz The factor C&/4 = trace(Q)/4 = &Qkk/4 is equal to 1 if the nucleotides have equal frequencies l/4 (for example, under the models of Jukes and Cantor [ 19691 or Kimura [ 19801) but is not in presence of nucleotide frequency bias (cf: equation 2). So although Cz is a linear function of t, it generally does not converge to the expected number of nucleotide substitutions per site. Both distances (equations 18 and 19) are applicable to amino acid sequences. Both distances are, however, inapplicable when any of the eigenvalues of lPIF(t) (for equation 5 or 8) or F(t) (for equation 19) are negative. Approaches like that of Tajima (1993) may then be helpful. With protein sequences, the absence of some amino acids in the data (i.e., ITS = 0 for some i) also cause problems, and ad hoc treatment is necessary. Barry and Hartigan (1987; see also Steel 1994) argue that the LogDet formula estimates an average distance when the substitution process is nonstationary.
However, such arguments can be applied to any distance measure currently used, in the sense that the estimated distance (or pattern) can be interpreted as an average of a variable substitution rate, and they do not provide evidence that the LogDet formula is superior to other distances when nucleotide frequencies are unequal in different sequences.
ferred by parsimony as the number of "differences," the new method of this paper (equation 17) considerably Estimation of the Substitution Pattern reduced the bias in parsimony estimates of (Y. However, the new method also overestimates (Y, as the number of differences is more severely underestimated in fastchanging sites than in slow-changing sites. Unequal branch lengths in the tree also causes biases in the estimate of (x as an average branch length is used in equation (17). It can be expected that adding sequences to the data to break long branches in the tree and to increase occurrences of different changes will reduce the bias of parsimony estimates of the 01 parameter.
The parsimony method lacks a clearly specified model with well-defined parameters. This makes it difficult to interpret results and to assess biases in estimates obtained from a parsimony analysis. For example, estimates of F(t) obtained from the parsimony analysis have often been inaccurately interpreted as estimates of substitution rates (Q). The failure to explicitly consider branch lengths in the parsimony analysis also poses difficulties in the interpretation of the parsimony estimates of the substitution pattern. Clearly, P(t) or F(t) is dependent on the amount of evolution as reflected in t. If t is close to zero, P(t) will be close to the unit matrix, while if t is very large, P(t) will merely reflect the equilibrium nucleotide frequencies as Pii = nj. The biases in the estimated rate matrix Q caused by taking the average of many P(t) or F(t) that correspond to different branch lengths are unclear. The same problem exists with the pairwise comparison approach, although the behaviors of the two methods are different. For example, similar branch lengths in the tree are favorable to parsimony, but star-like phylogenies are favorable to the pairwise approach. It may be worthwhile to explore methods for weighting F(t)s according to the branch length or sequence distance (t).
Program Availability and Performance
Maximum-likelihood analyses of this paper were performed using the PAML program package, which is distributed by Z. Yang and can be obtained by anonymous file transfer protocol at ftp.bio.indiana.edu under the directory molbio/evolve.
Two programs, baseml and aaml, are for analyzing nucleotide and amino acid sequences, respectively. Approximate methods described in this paper were implemented in a separate program (pamp) in the same package. The likelihood calculations for each of the three data sets analyzed in this paper took a few hours on a SUN Spare Station, while the parsimony calculations took a few seconds on the same machine.
Because the parsimony inference of ancestral seAcknowledgments quences ignores reconstructions that require more this paper, although the biases do changes than the most parsimonious reconstructions, the not seem method underestimates the off-diagonal elements of F(t)
to be very large. Another difference between or P(t) and thus the amount of evolution (t). However, the two biases in estimates of Q by equation (5) are not very methods is that the pairwise method does not depend on the phyclear. The parsimony reconstruction ignores the biases logeny aid involves much less computation.
in substitution rates between nucleotides when the ancestral sequences are inferred, and it may be expected to give more similar estimates of elements of Q, or underestimated transition/transversion rate ratio. This seems to be the case for the two data sets analyzed in BARRY, D., and J. A. HARTIGAN. 1987 . Asynchronous distance between homologous DNA sequences. Biometrics 43:261-276.
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Estimation of the Gamma Parameter for Variable Rates Among Sites
The (minimum) numbers of changes at sites inferred by parsimony are underestimates, as the method ignores, at least, multiple substitutions within one lineage. The underestimation is obviously more serious at fast-changing sites than at slow-changing sites. Thus, the method of moments and the method of maximum likelihood of Sullivan et al. (1995) (equations 11 and 12) are expected to underestimate the extent of rate variation and to overestimate (x. Wakeley (1993) pointed out that parsimony underestimates both the mean and the variance of the number of changes at sites, but the underestimation of the variance is more serious than that of the mean, so (x will be overestimated by equation (11). By reinterpreting the number of "changes" in-
